Idiopathic dilated cardiomyopathy (DCM) is a primary myocardial disorder characterized by ventricular chamber enlargement and systolic dysfunction. Twenty to fifty percent of idiopathic DCM cases are thought to have a genetic cause. Of more than 30 genes known to be associated with DCM, rare variants in the VCL and MYBPC3 genes have been reported in several cases of DCM. In this report, we describe a family with DCM and congenital abnormalities who carry a novel missense mutation in the VCL gene. More severely affected family members also possess a second missense variant in MYBPC3, raising the possibility that this variant may be a disease modifier. Interestingly, many of the affected individuals also have congenital defects, including two with bicuspid aortic valve with aortic regurgitation. We discuss the implications of the family history and genetic information on management of at-risk individuals with aortic regurgitation.
Introduction
Dilated cardiomyopathy (DCM) is a primary myocardial disorder characterized by ventricular chamber enlargement and systolic dysfunction. Idiopathic dilated cardiomyopathy is diagnosed when secondary causes have been excluded, and accounts for up to half of all patients presenting with a dilated phenotype. [1] [2] [3] [4] DCM is relatively common, with an estimated prevalence of 1 in 2500 persons. It is the third most common cause of heart failure and the most frequent indication for heart transplantation. 5 Reports thus far suggest that 20-50% of idiopathic DCM cases have a genetic cause, and more than 30 causal genes, encoding proteins with a wide range of functions, have been identified. 2, [5] [6] [7] [8] The autosomal dominant mode of inheritance is estimated to account for 90% of familial DCM, with autosomal recessive and X-linked inheritance being considerably less common. 9 The vinculin (VCL) and myosin binding protein C (MYBPC3) genes, though not typically associated with familial DCM, have each been described in several cases of DCM. [10] [11] [12] [13] Our report describes a family in which the proband and multiple related family members with dilated cardiomyopathy share a novel rare variant (c.2444A>G) in exon 17 of the VCL gene resulting in as substitution of arginine for lysine at position 815. The most severely affected family members also possess a previously reported the Arg177Cys variant in the MYPBC3 gene.
Case Report
The proband was a 69-year-old woman followed in heart transplant clinic with a complex cardiac history who had undergone heart transplantation 8 years earlier. Prior to that she had been followed at another facility where she had surgical repair of an ASD at the age of 53. At the time of surgery she underwent simultaneous coronary artery bypass grafting, reportedly due to diagnosed coronary disease. She later developed cardiomyopathy and had stable Class III heart failure symptoms for a number of years on medical therapy. Echocardiographic evaluation was technically difficult, but left ventricular (LV) function was reported as 45-50% (LV diastolic diameter 45 mm, LV systolic diameter 29 mm). Right ventricle was dilated with mildly reduced systolic function. There was no evidence of left ventricular non-compaction. Her symptoms progressed and she ultimately underwent orthotopic heart transplantation at the age of 61. The explanted heart was enlarged (11¥10¥7.5 cm with a total mass of 230 grams) and demonstrated a markedly dilated right ventricle and moderately dilated left ventricle. Pathologic examination of the coronary arteries showed only mild atherosclerotic disease (no vessel with >10% stenosis) and it appears that her prior bypass was unnecessary. There were widespread areas of fibrous subendocardial white discoloration of both ventricles, but no histopathologic examination was performed. At the time of transplantation, she was felt to have an advanced non-ischemic dilated (based on autopsy findings and poor quality of echocardiographic data) cardiomyopathy with associated widespread biventricular subendocardial fibrosis, a late-stage markedly remodeled and dilated RV that exhibited moderate systolic dysfunction at rest and a dilated LV that exhibited mild to moderate systolic dysfunction at rest.
There was a family history of dilated cardiomyopathy associated with minor congenital abnormalities, with the proband's sister, father, and brother all affected (Figure 1 ). Her sister underwent surgical repair of a patent ductus arteriosus during childhood and died at age 53 from dilated cardiomyopathy. The father of the proband had died at the age of 58, also of dilated cardiomyopathy. The proband's brother had a bicuspid aortic valve complicated by severe aortic insufficiency requiring aortic valve replacement at the age of 40. Despite valve replacement, he developed progressive systolic dysfunction and Class III heart failure, prompting evaluation in the advanced heart failure clinic for consideration of transplantation at the age of 57. Echocardiography at that time demonstrated a severely reduced left ventricular ejection fraction of 10-20% as well as ventricular dilation with a left ventricular end diastolic diameter of 57 mm. Fortunately, he responded well to cardiac resynchronization therapy with stable Class II symptoms and improvement in ejection fraction to 30%.
Owing to the family history of dilated cardiomyopathy, two asymptomatic siblings who were niece and nephew of the proband (age 27 and age 24 respectively; Figure 1 ) underwent screening echocardiography. The niece was found to have a mildly decreased ejection fraction of 45% with mild global hypokinesis (LVEDD 51 mm, LVESD 40 mm). There was no hypertrophy or ventricular non-compaction and valves were normal. Her brother, nephew of the proband, was found to have a bicuspid aortic valve with mild-moderate aortic insufficiency, mildly dilated left ventricle (LVEDD 60mm, LVESD 42 mm), and preserved systolic function with an ejection fraction of 60%. On the basis of clinical data and family history, genetic testing was performed on the four available family members.
Genetic testing
The DCM genetic screening of the proband was performed by the Laboratory for Molecular Medicine (Partners HealthCare Center for Personalized Genetic Medicine, Boston, MA, USA) using an array-based resequencing platform. This test screens the coding sequence and splice sites of 19 genes previously implicated in familial cardiomyopathy and has an estimated clinical sensitivity of 26-29% in individuals with clinical features of dilated cardiomyopathy (Table 1) . 14, 15 The proband was found to be heterozygous for two missense variants: a c.2444A>G (p.Lys815Arg) variant in exon 17 of the vinculin gene (VCL) and a c.529C>T (p.Arg177Cys) variant in exon 5 of the cardiac myosin binding protein 3 gene (MYBPC3).
Targeted sequencing of the VCL and MYBPC3 genes of the proband's brother, niece and nephew revealed that all four family members carried the p.Lys815Arg variant in the VCL gene, and three of the four (proband, brother and niece) also carried the p.Arg177Cys variant in the MYBPC3 gene.
Discussion
The VCL gene, which is highly conserved throughout vertebrate evolution, is located on chromosome 10q22-q23 and contains 22 exons. 16 VCL encodes two protein isoforms via alternate splicing of exon 19. Vinculin is ubiquitously expressed, while metavinculin, the larger isoform containing an additional 68 amino acids, is expressed only in cardiac and smooth muscle. 17, 18 Vinculin and metavinculin are cytoskeletal protein components of intercalated disks and are associated with cell-cell and cell-matrix junctions, where they are thought to participate in anchoring F-actin to the memCase Report brane and the transmission of contractile force between cardiac myocytes. 11 Animal data suggests that mutations in vinculin can result in dilated cardiomyopathy. Zebrafish morphants in which the vinculin gene has been knocked down display a DCM phenotype marked by progressive impairment in cardiac contractility, pericardial edema, and blood congestion. 19 A mouse model with cardiac myocyte specific inactivation of the vinculin gene displays dilated cardiomyopathy and death occur before 6 months of age, though sudden cardiac death was also described in this model at earlier ages and in the absence of contractile dysfunction. 20 In humans, mutations in the VCL gene have been associated with both HCM and DCM. [11] [12] [13] Two VCL variants (Arg975Trp and Leu954del), both affecting the cardiac-specific isoform metavinculin, have previous been associated with DCM. 11 Both variants significantly altered metavinculin-mediated cross-linking of actin filaments in an in vitro assay, suggesting that disruption of force transmission at the thin filament-intercalated disc interface may be a mechanism by which mutations in metavinculin lead to DCM. 11 Later, the p.Arg975Trp variant was also identified in a patient with HCM, suggesting that different cardiomyopathy phenotypes may result from the same variant due to modifier genes and/or environmental stressors in cardiac remodeling. 13 However, the mechanisms underlying HCM and DCM are generally felt to be fundamentally different and it is unclear whether one variant can cause both phenotypes. A third VCL variant (p.Leu277Met), affecting the vinculin isoform, has also been described in a patient with HCM. 12 Alterations in the VCL gene affecting the expression of metavinculin have been identified in patients with DCM. 10, 11 Thus, though variants in the VCL gene have been found in individuals with HCM as well as DCM, [11] [12] [13] the number of studies is still small and the contribution of VCL to HCM and DCM as well as the types of variants that cause disease have not been well established.
While we cannot conclude definitively at this time that the c.2444A>G (p.Lys815Arg) VCL variant we have identified is responsible for DCM in our pedigree, this amino acid substitution may be poorly tolerated over the course of an individual's lifetime. The Lysine-815 of the vinculin protein is highly conserved across distant vertebrate species, including mouse, chicken, and fish, suggesting that even a subtle amino acid substitution at this site might be consequential in terms of cardiac structure and function. Consistent with its pathogenic potential, the p.Lys815Arg variant described in the current pedigree has not been reported previously in the literature, nor was it identified in 328 chromosomes sequenced from healthy Caucasian controls from the Harvard-Partners Center for Genetics and Genomics. However, determining the clinical significance of missense variants can be challenging, as the impact to the protein can be difficult to discern. While data show that the majority of missense variants have an effect on the protein and that the overall population frequency correlates with the severity of the effect, it can be difficult to rule out that a variant is a benign change present in the population at low frequency. 21 The MYBPC3 gene is located on chromosome 11p11 and encodes the cardiac myosin binding protein. While mutations in MYBPC3 are more commonly associated with hypertrophic cardiomyopathy, responsible for about 25% of HCM cases, 8 a few MYPBC3 mutations have been associated with DCM. For example, a p.Arg272Cys MYBPC3 variant has been described in two familial DCM cases and in a case of peripartum cardiomyopathy. [22] [23] [24] Another variant, p.Asn948Thr, has also been described in a patient with DCM patient that was absent in both 88 healthy controls and 137 HCM patients. 25 Three of the four patients tested in our pedigree were found to carry a missense mutation in MYBPC3 (p.Arg177Cys) on exon 5. While the Arginine-177 is not absolutely conserved across difference species (chicken carries a Lysine), this is a very rare variant, not detected in >1500 individuals tested in the HarvardPartners Center for Genetics and Genomics.
The p.Arg177Cys variant has been observed previously in one proband with HCM. 26 However, it is unclear whether the same variant can cause both HCM and DCM. In addition, arginine (Arg) at position 177 is not 100% conserved across different species (chicken carries a lysine), reducing the likelihood that the change is pathogenic. This variant was also predicted to be benign using a novel computational tool, which was validated using a set of cardiomyopathy variants with well-established clinical significance. This tool's benign interpretation is estimated to be correct 89% of the time, which suggests but does not prove that this variant is benign. 27 The pathogenic significance of the p.Arg177Cys MYBPC3 variant in our family cohort is not clear, especially since no family member tested carries this variant in isolation. However, those family members who carry both the VCL variant and the MYBPC3 variant appear to be more severely affected, suggesting that the MYBPC3 variant may be a disease modifier which exacerbates DCM progression in individuals made susceptible by the presence of the p.Lys815Arg VCL variant. Therefore, while the available evidence raises the possibility that the p.Arg177Cys variant may be insufficient to cause disease when present in isolation we cannot yet rule out that it may have a mild effect. To determine the pathological significance of the p.Arg177Cys MYBPC3 variant, in isolation or in association with the p.Lys815Arg VCL variant, it will be necessary to examine the genotypes and phenotypes of additional family members.
The finding of associated congenital abnormalities along with cardiomyopathy in our pedigree is very interesting. An atrial septal defect (ASD) was present in the proband, who had evidence of advanced right ventricular remodeling -perhaps related to ASD, though the possibility of a genetic susceptibility to hemodynamic stress cannot be dismissed. Another relative had a patent ductus arteriosus, and bicuspid aortic valve was documented in two additional members. There is some evidence that bicuspid aortic valve, in particular, is heritable. Two reports have documented that among the first-degree relatives of probands with bicuspid aortic valve, the prevalence of bicuspid aortic valve is ~9%, compared to ~1% in the general population. 28, 29 Patients with bicuspid aortic valve commonly have other congenital abnormalities, most often coarctation of the aorta, though other anomalies including ventricular septal defects, atrial septal defects, patent ductus arteriosus, abnormalities of the mitral valve, aortic root dilation, and hypoplastic left heart syndrome have been described. 28 Bicuspid aortic valve has been linked to chromosome 15q25-26 in one analysis, 30 and variants in the NOTCH1 gene have been associated with a dominantly inherited phenotype that includes bicuspid aortic valve. 31 From the data available we cannot conclude whether the observed congenital abnormalities are related to variants in VCL or MYBPC3 or due to other, undetected, genetic or nongenetic cause. To our knowledge there is no known biologic mechanism that could link mutations in VCL or MYBPC3 to the defects in our pedigree. However, the observation of concomitant cardiomyopathy in the setting of VCL variants and congenital heart defects does raise titillating questions as to whether their presence could be a clinical clue to the etiology in patients with cardiomyopathy.
Our report of a novel variant VCL associated with familial DCM and congenital abnormalities provides further support for the idea that mutations in VCL can lead to DCM. Our study also suggests that rare variants in MYBPC3 may contribute to exacerbation of the disease phenotype in susceptible individuals. Interestingly, our family cohort also had significant family history concomitant congenital heart abnormalities, including patent ductus arteriosus, atrial septal defect and bicuspid aortic valve. Presently, it is not clear whether these congenital abnormalities are causally related to the VCL and MYBPC3 variants reported here or if they reflect the presence of an uncharacterized mutation in our family cohort. Finally, it is noted that proband was affected with an ASD and both the proband's brother and nephew were affected by bicuspid aortic valves with aortic insufficiency, which may be been hemodynamic modifiers contributing to the disease progression. In terms of clinical management, our observation is particularly germane for the 24-year-old nephew, who is asymptomatic yet has already developed left ventricular chamber dilatation. Given the family history of progressive systolic heart failure and the presence of a potentially pathogenic VCL variant in the nephew, it may be prudent not only to closely monitor his left ventricular structure and function but also consider aortic valve repair or replacement earlier than otherwise indicated. Additionally, further study regarding the possible relationship of VCL related cardiomyopathy and congenital heart disease is warranted.
